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Abstract: Grazing ruminants harvest N from pasture in the entire paddock and then deposit between
40 and 80% of the ingested N into urine patches that cover only 2-4% of the paddock area during a
typical rotational grazing event. While previous work has shown the importance of explicitly modelling
these patches of very high N deposition, most process-based simulation models assume uniform return
of N to the soil. The very few models that explicitly model urine patches within the paddock do so at
significant, perhaps prohibitive, computational cost. We sought a solution that would preserve the most
important biophysical effects but that would be tractable within a dynamic simulation model. We term
the proposed solution “pseudo-patches” in that they explicitly preserve the soil carbon and nitrogen
heterogeneity but do not require complete independent simulation of the computationally-expensive soil
water and plant processes. Our objective in this study was to implement pseudo-patches in the
simulation model APSIM and to test the simulation accuracy and execution time. Three simulation
types were run: fully-explicit patches (EP), gridded pseudo-patches (GP) and a uniform paddock (UP)
which is the current norm for most process-based models and which ignore patches completely. This
initial testing was favourable. The GP under-estimated leaching, giving about 90% of the EP leaching,
but this was much improved compared to UP which gave about 40% of the EP leaching. Simulation
time for GP was 180% of the UP simulation time but was only 19% of the matching EP simulation.
While the GP simulations are much closer to the EP simulations than is possible with UP, it is clear that
there is some additional work to be done. These results suggest that this work should focus on the
simulation of N uptake in the GP simulations. The relatively modest underestimation of leaching by the
GP structure further suggests that if a better representation of net herbage accumulation can be
obtained, then the GP method of simulating the effect of urine patches in simulations under grazed
conditions is likely to estimate all the key outputs needed with sufficient accuracy.
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INTRODUCTION

Urine patches are acknowledged as the primary source of N leaching losses from intensively grazed
pastures (Jarvis 1992; Selbie et al. 2015). While previous work has shown the importance of explicitly
modelling these patches of high N deposition (McGechan and Topp 2004; Hutchings et al. 2007; Snow
et al. 2009; Cichota et al. 2013), most process-based simulation models assume uniform return of N to
the soil (Snow et al. 2014). Dynamic simulation models (e.g. Brown et al. 2002; Cichota et al. 2012;
2013) can of course be applied at the scale of a urine patch, and one innovative application nested
dynamic patch-level simulations within a paddock-level model (Romera et al. 2012). Other models
explicitly model urine patches within the paddock (Hutchings et al. 2007; Snow et al. 2009) but do so at
significant, perhaps prohibitive, computational cost. The computational cost of simulating individual
urine patches arises because of the large number of patches that would need to be considered when
simulating a single paddock (Snow et al. 2007). While advanced computation approaches (e.g. Zhao
et al. 2013) can reduce computational time by several orders of magnitude, that approach still is not a
practicable solution for routine simulations and useful schemes to capture the major effects while
retaining as much simplicity as possible are needed.
We sought a solution to modelling urine patches that would preserve the most important biophysical
effects but that would be computationally tractable within a multi-paddock simulation. We term the
proposed solution “pseudo-patches” in that they explicitly preserve the soil carbon and nitrogen
heterogeneity, and therefore the impacts of the non-linear concentration-dependent processes, but do
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not require complete independent simulation of the more computationally-intensive soil water and plant
processes. Our objective in this study was to complete and initial implementation of these pseudopatches in the APSIM simulation model (Holzworth et al. 2014) and to test the performance and
simulation accuracy of the pseudo-patches against the more physically-accurate fully-explicit patches.

Figure 1. Diagram showing the structure of an APSIM simulation with (a) explicit patches (EP)
contained within individual paddocks and (b) with gridded pseudo-patches (GP) contained within
the SoilNitrogen module only. Communication between modules (enclosed by solid lines) can only
occur via the APSIM Paddock or APSIM Simulation structures as indicated by the arrows. In the
EP simulation all processes such as crop growth and nitrogen uptake, soil water storage and
movement and nitrogen leaching are explicitly and independently simulated for each patch. In the
GP simulation crop growth and soil water processes are only “aware of” the area-averaged soil
nitrogen conditions across all patches.
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MODEL DESCRIPTION

Within an APSIM simulation the smallest unit that is simulated, disregarding layers in the soil, is referred
to as a “paddock” and usually is conceptualised as a particular physical paddock (italics will be used to
differentiate the simulated unit from the physical land section). The paddock corresponds to an area
that is managed under a particular set of rules or that has different resources to distinguish it from other
paddocks in the simulation. Within a simulation, the paddocks are isolated from one another and only
interact through intervention from an upper level, termed “APSIM Simulation” level. From this level,
simulation rules can transfer matter or impose conditional actions that cause paddocks to interact in
some way. While paddocks would normally be construed as physical paddocks, the APSIM platform is
sufficiently flexible that users can set them up as any physically-isolated area, including different areas
within the same paddock. See Fig. 1a for a diagrammatic example of this. In this way it is possible to
account for heterogeneity of physical characteristics (e.g. soil variability) within an APSIM simulation.
Because any interaction between paddocks has to communicate through the APSIM Simulation level,
the computational cost increases rapidly when the complexity of the simulation increases. Also the
structure of the simulation (number of paddocks) has to be defined a priori. The implication of this is
that even if the level of heterogeneity varies with time, the structure cannot respond dynamically. The
number of paddocks cannot be increased nor reduced during a simulation run, which may result in
redundant calculations, again wasting computational resources. Here we term a simulation set up with
paddocks acting as patches with full representation of the effects of the urine patches on plants and
soil water processes as Explicit Patches or “EP” (Fig. 1a).
The effects we want to account for here are a result of dynamic changes in soil heterogeneity caused
by differential resource inputs (e.g. the deposition of urine patches by grazing ruminants). These
changes affect the amounts of carbon and nitrogen in the soil, and related processes. We propose to
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simulate this heterogeneity only within the existing SoilNitrogen model. This approach for accounting
partially for heterogeneity is termed pseudo-patches. The pseudo-patch approach was implemented
by restructuring APSIM’s SoilNitrogen module. SoilNitrogen becomes a “wrapper” which contains all
the communications between SoilNitrogen and the other components in the simulation. The processes
have been moved into a new class, CNPatch, which represents a within patch in the paddock and
carries out all the carbon and nitrogen processes in each soil layer. For the work described here, the
pseudo-patches are created as a grid of patches within the SoilNitrogen module at simulation
initialization to allow direct comparison to the partner EP simulation; a facility to dynamically create and
merge patches was also developed but is not used in the preliminary testing described here. A
schematic representation of this structure, compared to the original ASPIM setup, is shown in Fig. 1b
and is termed Gridded Pseudo-patches (GP).

Figure 2. Diagrammatic representation of the (a) explicit patches or EP simulations; (b) gridded
pseudo-patches or GP simulations; and (c) the uniform paddock or UP simulations.
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METHODS

All simulations were done using APSIM v7.7 r3814 (Holzworth et al. 2014). The key modules used in
the simulations presented here were SoilWat, SurfaceOM and SoilN (Probert et al. 1998),
SoilTemperature2, MicroMet (Snow and Huth 2004) and AgPasture with a default ryegrass / white
clover sward (Li et al. 2011). Two contrasting sets of physical conditions were used. The “Deep-Dry”
was a deep soil with 140 mm of plant-available water that was not irrigated and was situated in a
Hamilton, New Zealand climate (1159 mm /yr rainfall and 842 mm /yr potential evapo-transpiration).
The “Light-Irrig” was a very light soil with 85 mm of plant-available water and was irrigated using settings
typical of a centre-pivot irrigation system and was situated in a Lincoln, New Zealand climate (632 mm
/yr rainfall and 982 mm /yr potential evapo-transpiration). Daily weather data from 1972 to 2013 for the
locations was obtained from the NIWA Virtual Climate Station dataset (Tait and Turner 2005; Cichota
et al. 2008). The first two years of the simulations were discarded to allow the heterogeneity in the EP
and GP (see below) simulations to develop and so 40 years of simulation data were used for analysis.
Three representations of a grazed paddock were used in the simulations as depicted in Figure 2. In
order of decreasing physical realism, these were:
• Explicit Patches (EP; Figs 2a and 1a) in which APSIM paddocks were used to represent patches
within a single paddock. This was the same structure as the “single heterogeneous paddock”
described in Snow et al. (2009). The paddock was divided up into a pre-determined number of
equal-sized paddocks which then acted as independent patches in the simulation except that they
were all grazed in concert and ingested nutrients were moved between patches. Each patch acts
as the aggregation or category of urine-affected soil associated with a single grazing event in that
each grazing event lasted a single day and pasture was grazed from all patches at once and then
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the urine was returned to a single patch of the paddock. All soil carbon and nitrogen, soil water and
plant processes in the different patches were isolated so that the effect of heterogeneous deposition
of urinary N on plant growth and water use was explicitly considered in the simulation. All patches,
regardless of the amount of pasture harvested (and therefore the implied animal density during
grazing) were considered to have equal size.
• Gridded Patches (GP; Figs 2b and 1b) in which the soil C and N model was explicitly calculated
within isolated pseudo-patches but the soil water and plant models perceived only the paddockaverage conditions. As with the EP, in GP the patches were created at initialisation and were of
equal size and remained through the entirety of the simulation with no reincorporation. There was
only a single paddock and as with the EP the paddock was grazed over a single day and the urine
was returned to a single patch.
• Uniform Paddock (UP) in which all urine was returned uniformly to the paddock. The purpose of
this representation was for reference as this is the current method of representation in most
process-based simulation models including APSIM (Eckard et al. 2014; Snow et al. 2014) and is
actually a particular case of the EP and GP simulations with only a single patch.
To simplify the testing and comparison of the various patch options, the pasture was grazed monthly to
a residual mass of 1000 kg DM /ha and a fixed amount of urine and dung was returned to the paddock
regardless of the amount of pasture grazed. This was set at 30 kg N /ha of urine-N and 15 kg N /ha of
dung-N. These values were set after examination of pasture N harvested from several EP simulations
and was intentionally, to fully test the patch implementation, greater than that harvested for most grazing
events. Urine-N was returned to a single patch at each grazing event with the particular patch used
randomly selected. The dung was returned uniformly to all patches in all simulations. No fertiliser was
applied within these simulations. EP and GP simulations were run for 2, 3, 4, 5, 10, 15, 20, 35 and 50
patches. As the number of patches in the simulation increased the urinary-N loading within the patch
also increased because the size of each individual patch decreased. For example 30 kg N /ha returned
into a simulation with two patches gave a patch-loading of 60 kg N /ha but when returned into a 50patch simulation gave a 1500 kg N /ha loading. Additional GP simulations were run for up to 10,000
patches to assess the effect of the pseudo patches on simulation speed. These simulations were
denoted by the combination of the patch type and the number of patches – e.g. GP35 is a 35-patch GP
simulation. Note that patches were of equal size so the patch area was the inverse of the number of
patches. The outputs considered included the net herbage accumulation (NHA, kg DM /ha /year),
leaching of nitrate-N (Leach, kg NO3--N /ha /yr), denitrification as the sum of denitrification to N2 and
N2O (Denit, kg N /ha /yr) and the amount of N2 fixed by the legume component of the pasture (Fixed,
kg N /ha /yr).
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RESULTS AND DISCUSSION

The purpose of the work here was to understand what errors in the simulations would arise from the
simpler GP simulations compared to the EP simulations that are the more physically correct. Given this
the EP simulations are considered to be the “ground truth” noting however that the simulation conditions
were selected to enhance the anticipated errors caused by the GP implementation and are expected to
over-estimate realistic leaching, denitrification and NHA and under-estimate the N fixed. Figure 3 shows
the leaching simulated by GP50 and UP as compared to EP50 with a 1:1 line for reference. These
simulations have total patch areas that are 2% of the grazed paddock which is a typical urine-affected
area under rotational grazing by cattle at a rotational stocking density of about 80 cows /ha /day. As
noted in earlier publications (e.g. Snow et al. 2009) the UP simulation massively underestimated the
EP50 leaching, giving less than half (42% in Deep-Dry and 39% in Light-Irrig) of the EP50 leaching.
While the GP50 simulations also tended to under-estimate leaching, the differences were relatively
modest, particularly under the Light-Irrig conditions. In the Deep-Dry conditions GP50 gave 85% (R2 of
0.95) of the EP50 and in the Light-Irrig GP50 gave 95% (R2 of 98%) of the EP50 leaching. Both of
these results are substantial improvements compared to the UP model results.
The effect of the number of patches on NHA and leaching in the two simulation conditions is shown in
Fig. 4. Ideally the GP results would overlay the EP results however it is evident, particularly in the
Deep-Dry conditions, that GP over-estimates NHA and that the over-estimation worsens as the patch
number increases and patch area decreases. It is likely that the underestimation in leaching is a result
of the over-estimation in NHA. Further results for NHA, leaching, denitrification and fixation, showing
variability between years as simulated by EP50, GP50 or UP are given in Fig. 5. As with leaching and
NHA, denitrification and fixation show lower difference between EP and GP in the Light-Irrig conditions
than in Deep-Dry.
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Figure 3. Leaching from the model configured with 50 GP (green symbols) or as a UP (purple
symbols) compared to 50 EP (horizontal axis) for the Deep-Dry (left) and Light-Irrig (right)
conditions. The dashed line shows the 1:1 comparison.

Figure 4. Median net herbage accumulation (NHA; upper) and leaching (lower) from the model
configured a range of EP and GP for the Deep-Dry and Light-Irrig conditions as indicated in the
key.
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Figure 5. Box-whiskers plots of net herbage accumulation (upper left), leaching (upper right),
denitrification (lower left) and N fixation (lower right) from the model configured with 50 EP, 50 GP
or as a UP for the Deep-Dry and Light-Irrig conditions as indicated on the plot. The boxes show the
25th, 50-th and 75th percentiles, the whiskers show the 5th and 95th percentiles and the symbols
show the average.

Table 1. Simulation speed (seconds of elapsed time /year of simulation) as affected by the number
of patches for the EP and GP simulation structures. (values for EP > 50 patches were not
determined)
Number of
EP structure (sec /yr)
GP structure
patches
(sec /yr)
(sec /yr /patch)
(sec /yr)
(sec /yr /patch)
1
5
5
5
5.00
5
26
5.2
5
1.00
15
92
6.1
6
0.40
35
273
7.8
7
0.20
50
471
9.4
9
0.18
100
14
0.14
500
71
0.14
1000
168
0.17
5000
1104
0.22
10000
2320
0.23

Simulation execution time is a major issue for the incorporation of urine patches into process based
models (Snow et al. 2007; Cichota et al. 2013). In APSIM the number of communication events between
components increases nonlinearly with the number of components in the simulation. Each new
paddock acting as a urine patch adds 10-15 components to the simulation and also increases the
execution time for the Manager component (Moore et al. 2014) used to gather the patch information
and manage the grazing, excreta return and reporting. Table 1 shows that execution time increased
from 5 sec per simulation year for and EP01 simulation to 471 sec /yr for EP50 implying that the
execution time per patch nearly doubled. In contrast the GP simulations increased from 5 to 9 sec /yr
for the same number of patches and execution time per pseudo-patch decreased. As the number of
patches in GP increased further, the maximum number tested was 10,000 (implying a patch size of 1
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m2), the execution time increased approximately linearly with the number of patches (Table 1). Previous
work (Snow et al. 2007; Cichota et al. 2013) suggests that the ‘life-time’ of a urine patch (the time taken
to return to background conditions) is likely to be <2 years and with generally <20 grazing events per
year then <50 patches in a simulation at any one time would be required. If a single heterogeneous
paddock approach (Snow et al. 2009) is used then 50 patches is also a typical number of patches
required for a dairy system. At these numbers of patches, the increase in execution time (only 4 sec
/yr but approximately double nevertheless) is significant but tolerable given the improvements in the
simulation of leaching. More detailed simulations, e.g. considering spatial distributions or animal-toanimal variation in urine N concentration, would require much larger numbers of patches. At 10,000
GP the execution time was prohibitive (approximately 39 min /year of simulation) and some profiling of
the code to reduce communications and increase simulation speed would be desirable. A system to
dynamically create new pseudo-patches and then automatically retire old patches back into the paddock
background has been developed and will be reported in a future publication.
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CONCLUSIONS AND RECOMMENDATIONS

We have described the implementation and initial testing of a scheme to use pseudo-patches to capture
the effects of the deposition of urinary-N from grazing ruminants into small patches in a paddock. The
simulations described here were designed to benchmark the pseudo-patch simulations against the
more computationally intensive fully-explicit patches. This initial testing was favourable. The current
“industry standard” for process-based simulation models is to return the urine uniformly to the entire
paddock and this scheme estimated 39-42% of the EP leaching depending on simulation conditions.
The GP scheme also under-estimated leaching but was much improved with 85-95% of the EP leaching
with only a modest increase in simulation execution time compared to the UP and with only 19% of the
execution time of the EP model. Pasture growth was over-estimated by the GP model by 5-10% and
attention to this area will likely further improve the performance of the leaching simulated by the GP
model.
While the GP simulations are much closer to the EP simulations than the current standard for processbased simulation models (UP) it is clear that there is some additional work to be done. These results
suggest that this work should focus on the simulation of N uptake in the GP simulations. The relatively
modest underestimation of leaching by the GP structure further suggests that if a better representation
of NHA can be obtained, then the GP method of simulating the effect of urine patches in simulations
under grazed conditions is likely to estimate all the key outputs needed with sufficient accuracy.
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